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Abstract

Background Egg-laying performance is economically important in poultry breeding programs. Crossbreeding
between indigenous and elite commercial lines to exploit heterosis has been an upward trend in traditional layer
breeding for niche markets. The objective of this study was to analyse the genetic background and to estimate

the heterosis of longitudinal egg-laying traits in reciprocal crosses between an indigenous Beijing-You and an elite
commercial White Leghorn layer line. Egg weights were measured for the first three eggs, monthly from 28

to 76 weeks of age, and at 86 and 100 weeks of age. Egg quality traits were measured at 32, 54, 72, 86, and 100 weeks
of age. Egg production traits were measured from the start of lay until 43, 72, and 100 weeks of age. Heritabilities

and phenotypic and genetic correlations were estimated. Heterosis was estimated as the percentage difference

of performance of a crossbred from that of the parental average. Reciprocal cross differences were estimated

as the difference between the reciprocal crossbreds as a percentage of the parental average.

Results Estimates of heritability of egg weights ranged from 0.29 to 0.75. Estimates of genetic correlations
between egg weights at different ages ranged from 0.72 to 1.00. Estimates of heritability for cumulative egg num-
bers until 43, 72, and 100 weeks of age were around 0.15. Estimates of heterosis for egg weight and cumulative egg
number increased with age, ranging from 1.0 to 9.0% and from 1.4 to 11.6%, respectively. From 72 to 100 weeks

of age, crossbreds produced more eggs per week than the superior parent White Leghorn (3.5 eggs for White Leg-
horn, 3.8 and 3.9 eggs for crossbreds). Heterosis for eggshell thickness ranged from 2.7 to 6.6% when using Beijing-
You as the sire breed. No significant difference between reciprocal crosses was observed for the investigated traits,
except for eggshell strength at 54 weeks of age.

Conclusions The heterosis was substantial for egg weight and cumulative egg number, and increased with age,

suggesting that non-additive genetic effects are important in crossbreds between the indigenous and elite breeds.

Generally, the crossbreds performed similar to or even outperformed the commercial White Leghorns for egg produc-
L tion persistency.
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Background

Heterosis refers to the phenomenon that performance
of hybrids is superior to the average performance of
their parental breeds or lines. Heterosis is reported to be
caused by non-additive genetic effects [1] and is widely
exploited in the breeding of commercial layers. There are
growing trends in consumers’ preference for egg prod-
ucts from traditional breeds and crossbreeding between
indigenous breeds and commercial elite breeds is an
important method to meet this unique market prefer-
ence. In China, eggs from crossbreds of indigenous chick-
ens and elite lines have taken over 10% of the domestic
market [2]. One of the major laying hen producers, Hen-
drix Genetics, has several specific layer lines for regional
preference, e.g., Azur for bule eggshell colour, and Olive
for small egg producers.

Indigenous Beijing-You chickens produce eggs with a
higher yolk proportion and lecithin content than com-
mercial layer breeds, such as White Leghorn [3], but
they show lower egg production [4]. Crossing these two
breeds is expected to manifest a high degree of heterosis
because, first, the heritability for egg-laying traits is gen-
erally low to moderate [5-8] and heterosis is thought to
be inversely related with heritability [9, 10], and second,
these two breeds are genetically distant from each other
[11]. A better understanding of heterosis for egg-laying
performance may have implications for setting up more
effective breeding schemes for layer chicken.

Several studies have estimated heterosis for egg weight
[12], egg number [13-16], and egg quality [17]. Ledur
et al. reported fluctuating levels of heterosis for egg
number across various stages of the egg laying period
[14]. Differences in heterosis at different ages were also
observed for many traits, i.e., 2.5 and — 0.3% for egg
weight at 26 and 59 weeks of age, respectively [12], and
— 1.2 to 0.1% for Haugh unit at 35, 50, and 65 weeks of
age [17]. Moreover, current breeding programs focus
on prolonging the laying period up to 100 weeks of age.
These results and recent developments emphasize the
need for studies to measure egg-laying performance of
crossbred layers throughout the laying period.

Some studies have investigated differences between
reciprocal crosses [16, 18, 19], which are thought to result
from maternal effects and sex-linked genes [20]. For
instance, using indigenous Egyptian chickens as the sire
line instead of the dam line led to later sexual maturity
when it was crossed with a commercial Lohmann breed
[16]. A better understanding of the reciprocal cross dif-
ferences will contribute to a better decision about which
breed should be the sire line in a crossbreeding scheme
for a specific set of traits.

In the present study, purebreds and their reciprocal
crosses of Beijing-You and White Leghorn were bred and

Page 2 of 18

monitored for egg weights, egg production, and egg qual-
ity traits, to analyse the genetic background and estimate
heterosis of longitudinal economically important egg lay-
ing traits throughout the laying period.

Methods

Parental lines

The Beijing-You chickens (Y) used here were from a
pedigreed pure line kept on the experimental farm of
the Institute of Animal Science of the Chinese Academy
of Agricultural Sciences. This line was selected for egg
number and egg weight at a relatively low intensity for 18
generations. In the most recent five generations, about 60
roosters were mated with 500 hens, avoiding matings that
would result in offspring with an inbreeding coefficient
higher than 0.04. The other parental line, White Leghorn
(W, Shaver line), was imported from the University of
Guelph in 2018. The W chickens were kept on the same
farm as the Y chickens for two generations using random
mating. The Y and W chickens were kept in individual
cages and fed ad libitum with a breeder diet contain-
ing 19% crude protein (CP), 2840 kcal/kg metabolizable
energy (ME), 3.50% Ca, and 0.32% nonphytate P. The two
breeds were mated to generate four genetic groups, using
30 Y and 30 W roosters, and 300 Y and 300 W hens: (1)
30 Y roosters with good sperm motility and sperm con-
centration were randomly mated with 150 Y hens to gen-
erate YY purebred offspring, (2) the same 30 Y roosters
were randomly mated with 150 W hens to generate YW
crossbred offspring, (3) 30 W roosters with good sperm
motility and sperm concentration were randomly mated
with 150 W hens to generate WW purebred offspring,
and (4) the same 30 W roosters were randomly mated
with 150 Y hens to generate WY crossbred offspring. In
total, 1369, 1838, 1372, and 1836 eggs were collected for
hatching for YY, WW, WY, and YW, respectively.

Experimental genetic groups

In total, 487 YY, 675 WW, 507 WY, and 714 YW healthy
female chicks were hatched simultaneously. They were
vaccinated against Marek’s disease, infectious bur-
sal, Newcastle disease, and infectious bronchitis, and
transferred to the same brooding pen. At 18 weeks of
age, 315 YY, 271 WW, 315 WY, and 359 YW chickens
were randomly selected from all available chickens and
transferred to the laying hens’ house and kept in indi-
vidual cages to measure egg-laying performance. Seven
cages (length 37 cm X width 34 cm X height 34 ¢cm) were
stacked on one of three tiers in each bank; 15 banks
were arranged in one row, for three rows in total. Some
chickens from the same hatch were randomly selected
and used for a different experiment. The average survival
till 18 weeks was similar for the four genetic groups and
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ranged from 96.0 to 97.5%. Chickens were fed the same
diet ad libitum and kept under the same controlled envi-
ronmental conditions. The daily lighting increased by
one hour per week from 8 h at 19 weeks of age to 13 h at
24 weeks of age, and increased by 0.5 h per week from 25
to 30 weeks of age. A constant daily lighting of 16 h was
maintained thereafter.

Egg-laying performance

Egg weight

The average weight of the first three eggs of each bird was
calculated and will be referred to as the first egg weight.
Egg weight was measured every four weeks from 28
to 76 weeks of age, and at 86 and 100 weeks of age. Egg
weights were measured using a digital scale with a sen-
sitivity of 0.01 g (HC-UTP-313, Haihua Chao Electrical
Appliances, Shanghai, China).

Egg production

Age at first egg and cumulative egg number till 43, 72,
and 100 weeks of age (EN43, EN72, and EN100) were
computed from individual egg-laying recordings. The
oviposition period, representing the average time inter-
val between two successive layings was calculated follow-
ing the method of Blake et al. [21]. Briefly, times of egg
laying were recorded for each hen from the beginning
of 31 weeks of age till the end of 33 weeks of age from
07:00 to 19:00 at 0.5-h intervals with a radio frequency
identification recording system (Litrace Beijing Co., Ltd.,
Beijing, China). The oviposition period was calculated
from the exact laying time of each egg for each hen. In
addition, clutch-related traits were derived from the
egg-laying recordings, including the number of clutches,
average clutch length, and average pause length. These
traits provide insight into the regularity of the laying of
eggs over time. The number of clutches was computed
as the number of times a hen had successive laying days
preceded or followed by at least one day pause [22]. Aver-
age clutch length was calculated as the total egg number
divided by the number of clutches within the observation
period [22]. The number of pauses was computed as the
number of clutches minus one. Average pause length was
calculated as the total pause days between the first and
last clutch divided by the number of pauses [23].

Egg quality

Egg quality traits were measured within 24 h after egg
collection at 32, 54, 72, 86, and 100 weeks of age and
included egg shape index, eggshell colour, eggshell
strength, eggshell thickness, eggshell ratio, yolk colour,
yolk ratio, and Haugh unit. The egg shape index was
calculated as the ratio of egg width to egg length [24],
which was measured using the FHK egg dimension meter
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(NEN385, Fujihira Ind. Co. Ltd., Tokyo, Japan). Eggshell
colour was measured using a QCR-shell colour reflec-
tometer (Technical Services and Supplies, England).
Measurements were expressed as a percentage reading
between black (0%) and white (100%). Eggshell strength,
representing the force required to break the shell of an
intact egg, was measured at the obtuse pole of the egg
using the Egg Force Reader (Orka Food Technology Ltd.,
Israel). Eggshell thickness was measured at the acute,
middle, and obtuse poles of each egg using the Egg-
shell Thickness Gauge (NFN380, Fujihira Ind. Co. Ltd.,
Tokyo, Japan), with a sensitivity of 0.01 mm. Yolk colour
and Haugh unit were measured using the Egg Analyzer
(Orka Food Technology Ltd., Israel). Egg weight, eggshell
weight, and yolk weight were measured using a digital
scale with a sensitivity of 0.01 g (HC-UTP-313). Eggshell
ratio and yolk ratio were computed as the ratio of egg-
shell weight and yolk weight, respectively, to egg weight.

Statistical analyses

For egg production traits, chickens that did not lay any
eggs (6 WW, 8 WY, 11 YW, and 7 YY) were removed
from the dataset. Subsequently, outliers were removed
by excluding data that deviated more than three stand-
ard deviations from the mean of their genetic group (see
Additional file 1: Tables S1, S2, and S3 for percentage of
outliers removed). Descriptive statistics were calculated
using the “pastecs” package in R software (https://www.r-
project.org/).

For egg production traits with only one observation,
pedigree-based heritabilities were estimated with the
average information restricted maximum likelihood (AI-
REML) method in ASReml 4.2 [25] using the following
univariate model:

y=1pu+X1b+ Xor + Za + e, (1)

where y is the vector of phenotypic values across the
four genetic groups (YY, YW, WW, and WY), 1is a vec-
tor of ones, u is the population average, b is the vec-
tor of the fixed effect of genetic group, Xj is the design
matrix for genetic groups, r is the vector of the fixed
effects of the rack (24 levels for different tiers, rows, and
banks), X2 is the design matrix for rack effects, a is the
vector of the random animal effects with N(0,Ac2),
where A is the pedigree-based relationship matrix and
o2 is the additive genetic variance, Z is the design matrix
that relates phenotypes to additive genetic effects, e is
the vector of random residual effects, with a separate
residual variance assumed for each genetic group, e.g.,
eww ~ N (O, Iwwo'ezw/w) for the WW genetic group,
where Iww is the identity matrix and o*eZWW is the resid-
ual variance for the WW genetic group. Finally, 02 was
computed as the average residual variance over the four
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genetic groups. To build the A matrix, the pedigree depth
of YY was trimmed to five generations using the R-pack-
age “pedigree” [26]. For egg production traits, heritability
(h?) was computed as:

2
2 _ 04

T 42 2°
o;+o;

For egg weight and egg quality traits, which had mul-
tiple observations, the phenotypic data was analysed
using Model (1) extended with a permanent environ-
mental effect:

y =1u + X;b + Xor + Za + Wpe + e, (2)

where effects are the same as described for Model (1)
and pe is the vector of random permanent environmen-
tal effects, with N (0, Iolfe , where apze is the permanent
environmental variance, and W is the incidence matrix
linking phenotypes to permanent environmental effects.
For these traits, heritability (4%) and repeatability (r) were
estimated as:

2
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Phenotypic and genetic correlations between traits,
as well as within traits measured at different ages, were
estimated using bivariate models. The fixed effects were
the same as for the univariate models. The additive
genetic effects were assumed to be distributed as:

2
N 0 A® 0411 raga,glaa,TZ ,
0 Ya04a,T104,T2 Our2
where oiTl (oiTZ) is the additive genetic variance of
trait 1 (trait 2) and r, is the additive genetic correlation

between traits 1 and 2, and ® is the Kronecker product.
The residuals for the two traits were assumed distributed

as:
N<|:0:| I1® |: UEZ,Tl VeUe,Z;IUe,TZ:|>
0 Te0eT106T2  Ogro
where aele (UeZTZ) is the residual variance of trait 1 (trait
2) and r, is the residual correlation between traits 1 and 2.
In the bivariate version of Model (2), permanent envi-

ronmental effects for the two traits were assumed dis-
tributed as:

Page 4 of 18

2
Gpe,Tl
YpeOpe, T10pe, T2

N([g}m

2 2 . .
where O pe,T1 (ope’n) is the permanent environmental

variance of trait 1 (trait 2) and ry. is the permanent envi-
ronmental correlation between traits 1 and 2.

The above models assume genetic variance was the
same for the four genetic groups. To evaluate possible
differences in genetic variances between genetic groups,
we also estimated heritabilities with the multivariate
equivalent model of the previously described univari-
ate model, with each trait modelled as three traits: one
for WW, one for YY, and one for the crossbreds (WY
and YW). In this multivariate model, residual and per-
manent environmental covariances between the three
genetic groups were set to zero, because each individual
only has phenotypes pertaining to one of the groups.
Genetic covariances between the groups were also fixed
to zero, to avoid that the estimate of genetic variance
for a group was affected by information from the other
genetic groups. Weighted averages of all variance compo-
nents were estimated, using the proportion of animals in
a genetic group as weights, i.e., 0.22 for WW, 0.25 for YY,
and 0.53 for crossbreds. Heritability (%#%) and repeatabil-
ity (r) were estimated based on the weighted averages.

The predicted mean phenotypes of each genetic group
based on the univariate model, i.e., the sum of the over-
all mean and the estimated effect of the genetic group
(& + b), was obtained using the “predict” statement in
ASReml 4.2.

Percent heterosis was estimated from these predicted
means as:

T'peOpe, T10pe, T2 ] )
2 )

Upe, T2

Percent heterosis (H%)

mean of the WY (YW )line — parental mean
= x 100%,
parental mean

where parental mean is the average of the predicted
means of the parental breeds. The reciprocal cross differ-
ences were estimated from these predicted values as:

Reciprocal cross differences (%)

mean of the WY line — mean of the YW line 100%
= X .
parental mean 0

Estimated differences between the predicted mean of
YW and the parental mean, between the predicted mean
of WY and the parental mean, and between the predicted
means of YW and WY, as well as the Wald F statistics
for these contrasts, were obtained using the “ICON-
TRAST” qualifier in ASReml 4.2. Because average pause
length was not normally distributed, which might affect
p-values, the Wald F statistics for this trait was carried
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out based on Box-Cox transformed data [27]. This trans-
formation was performed using the “MASS” R-package
(https://www.r-project.org/). Given the large number of
traits evaluated, the p-values to declare significance were
adjusted for multiple testing by computing false discov-
ery rates (FDR) based on the Benjamini and Hochberg
method [28] using the p.adjust function of the R soft-
ware. This was done separately for each crossbred group.
For each crossbred group, the number of comparisons is
70, since the deviation of the predicted mean from the
parental mean was evaluated for 70 traits.

Results

Descriptive statistics

Descriptive statistics for egg weight, egg production,
and egg quality till 100 weeks of age are in Table 1. Egg
weight increased from 43.4 g for the first egg to 62.3 g
at 100 weeks of age. The average age at first egg was
167.7 days. The chickens produced 5.8 eggs per week
from 24 till 43 weeks of age, 4.6 eggs per week from 43
till 72 weeks of age, and 3.4 eggs per week from 72 till
100 weeks of age. We observed a decrease for average
clutch length, from 7.6 to 4.2 days, an increase for num-
ber of clutches from 18.5 to 90.3, and an increase for
average pause length from 1.3 to 2.1 days. Eggshell col-
our became darker, eggshell strength, eggshell thickness,
eggshell ratio, and egg shape index decreased, while yolk
ratio increased during the laying period. Haugh unit val-
ues were highest at 54 weeks of age.

Heritabilities and correlations

Estimates of heritabilities, repeatabilities, and phenotypic
variance for egg weight traits are in Table 2. With the
univariate model, estimated heritabilities for egg weights
were high (0.41-0.75), except for the first egg weight
(0.29). Repeatabilities showed a similar trend as herit-
abilities, with the lowest repeatability estimate for the
first egg weight. With the multivariate model, estimated
heritabilities for egg weights ranged from 0.28 to 0.73,
and repeatabilities ranged from 0.47 to 0.85. Estimates of
genetic and phenotypic correlations for egg weight traits
are in Table 3. Estimates of genetic correlations between
egg weights at different ages were high (0.72—1.00), espe-
cially between consecutive time points. The phenotypic
correlation between egg weights at consecutive time
points was larger than 0.41.

Estimates of heritabilities and phenotypic variance for
egg production traits are in Table 4. With the univari-
ate model, relatively high heritabilities were estimated
for age at first egg (0.55), oviposition period (0.38), and
number of clutches (0.49, 0.40, and 0.27 at 43, 72, and
100 weeks of age). With the multivariate model, age at
first egg, oviposition period, and number of clutches also
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showed relatively high heritability estimates. Cumulative
egg number till 43, 72, and 100 weeks of age showed low
heritability estimates. Estimates of genetic and pheno-
typic correlations for egg production traits are in Table 5.
EN43 was estimated to be highly genetically correlated
with age at first egg (r,=— 0.70) and EN72 (r,=0.46), and
moderately with average clutch length at 43 weeks of age
(rg=0.29) and oviposition period (r,=— 0.36). EN72 was
estimated to be negatively genetically correlated with ovi-
position period (r,=— 0.40), and number of clutches at
72 weeks of age (r,=— 0.54). EN100 was positively cor-
related with EN72 (r,=0.90), with average clutch length
at 43 weeks of age (rg=0.69), and with average clutch
length at 72 weeks of age (r,=0.57). Bivariate models that
included average pause length at 43, 72 or 100 weeks of
age did not converge.

Estimates of heritabilities, repeatabilities, and phe-
notypic variance for egg quality traits at 32, 54, 72, 86,
and 100 weeks of age are in Table 6. With the univariate
model, heritability estimates were low for egg shape index
(0.18-0.32), yolk colour (0.12-0.22), and Haugh unit
(0.16-0.29). Heritability estimates for eggshell colour,
eggshell strength, eggshell thickness, eggshell ratio, and
yolk ratio decreased during the laying period. Repeatabil-
ity estimates were low for eggshell thickness and eggshell
ratio. With the multivariate model, heritability estimates
were low for egg shape index, eggshell strength, eggshell
thickness, and yolk colour. Estimates of genetic and phe-
notypic correlations for egg quality traits at 32, 54, 72, 86,
and 100 weeks of age are in Table 7. Eggshell strength had
a strong genetic correlation estimate with eggshell thick-
ness (0.43—-0.85) and eggshell ratio (0.45-0.98). Estimates
of phenotypic correlations between eggshell strength,
eggshell thickness, and eggshell ratio were similar and
high at 32, 54, 72, 86, and 100 weeks of age. Phenotypic
correlation estimates among other egg quality traits
were different and low across different ages. Estimates of
genetic correlations for the same egg quality trait meas-
ured at different ages were high, ranging from 0.57 to
1.00 (see Additional file 2: Fig. S1).

Heterosis and reciprocal cross differences for egg-laying
performance

Predicted averages and estimates of heterosis for egg
weight are in Table 8. Both crossbreds showed signifi-
cant heterosis for egg weight, except for first egg weight,
ranging from 1.9 to 9.0% (FDR<0.01). Heterosis for egg
weight increased with age. The egg weights of YW and
WY were higher than the best parental breed, WW, from
56 and 76 weeks of age, respectively. Estimates of recipro-
cal cross differences were not significant for egg weights
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Table 1 Descriptive statistics of egg-laying performance in purebred Beijing-You chickens, purebred White Leghorns and their
reciprocal crosses

Trait Abbreviation NA NO Mean SD CV (%)
Egg weight (g)

First three eggs FEWt 1186 3485 4335 4.81 11.9
28 weeks of age EWt28 1142 3320 5133 5.08 99
32 weeks of age EWt32 1075 2977 53.16 4.84 9.1
36 weeks of age EW1t36 1025 3033 54.62 5.00 9.2
40 weeks of age EWt40 990 2654 56.18 503 9.0
44 weeks of age Ewt44 1000 4708 56.76 5.01 8.8
48 weeks of age EWt48 897 2569 58.03 512 8.8
52 weeks of age EWt52 869 2517 58.14 499 8.6
56 weeks of age EWt56 852 2314 59.19 5.06 86
60 weeks of age EWt60 825 1928 60.86 5.11 84
64 weeks of age EWt64 835 1931 60.96 5.08 83
68 weeks of age EW168 823 4080 60.98 522 8.6
72 weeks of age EWt72 734 2022 60.35 522 8.7
76 weeks of age EWt76 598 1230 6147 5.38 8.8
86 weeks of age EWt86 640 1793 61.06 5.69 93
100 weeks of age EWt100 578 1689 62.25 5.90 9.5
Egg production

Age at first egg (day of age) AFE 1116 1116 167.72 11.86 7.1
Oviposition period (hours) OP 1103 1103 2527 1.1 44
Egg production till 43 weeks of age

Cumulative egg number EN43 936 936 110.87 18.52 16.7
Number of clutches NC43 961 961 18.54 792 42.7
Average clutch length (days) ACL43 948 948 7.56 6.09 80.6
Average pause length (days) APL43 939 939 1.25 044 347
Egg production till 72 weeks of age

Cumulative egg number EN72 735 735 24551 44,01 179
Number of clutches NC72 752 752 53.11 20.23 38.1
Average clutch length (days) ACL72 748 748 546 355 65.0
Average pause length (days) APL72 751 751 1.61 1.58 97.8
Egg production till 100 weeks of age

Cumulative egg number EN100 702 702 34094 76.78 225
Number of clutches NC100 714 714 90.28 31.28 34.7
Average clutch length (days) ACL100 712 712 4.19 2.16 51.6
Average pause length (days) APL100 712 712 2.14 2.28 1064
Egg quality at 32 weeks of age

Egg shape index ESI32 1078 3152 7642 293 38
Eggshell colour (%) ESC32 1077 3168 64.62 13.21 205
Eggshell strength (kg/cm?) ESS32 1072 3123 3.80 067 17.8
Eggshell thickness (mm) EST32 1076 3145 0.34 0.03 8.1
Eggshell ratio ESR32 1071 2957 9.98 0.71 7.1
Yolk ratio YR32 1074 2883 29.07 247 85
Yolk colour YC32 1075 3023 591 1.29 219
Haugh unit HU32 1074 2952 66.88 9.57 14.3
Egg quality at 54 weeks of age

Egg shape index ESI54 856 2380 73.63 293 4.0
Eggshell colour (%) ESC54 855 2408 66.31 11.53 174
Eggshell strength (kg/cm?) ESS54 855 2395 354 0.74 209

Eggshell thickness (mm) EST54 854 2405 034 0.03 82




Ni et al. Genetics Selection Evolution (2023) 55:87 Page 7 of 18
Table 1 (continued)

Trait Abbreviation NA NO Mean SD CV (%)
Eggshell ratio ESR54 854 2377 9.30 0.77 83
Yolk ratio YR54 855 2350 3045 232 7.6
Yolk colour YC54 855 2383 4.70 0.86 183
Haugh unit HU54 856 2377 75.54 6.91 9.1
Egg quality at 72 weeks of age

Egg shape index ESI72 734 2047 7322 3.28 4.5
Eggshell colour (%) ESC72 733 2061 61.52 11.15 18.1
Eggshell strength (kg/cm?) ESS72 732 2043 342 0.80 235
Eggshell thickness (mm) EST72 733 2051 032 0.03 10.1
Eggshell ratio ESR72 732 1990 9.09 1.06 11.6
Yolk ratio YR72 734 1977 30.70 2.54 83
Yolk colour YC72 735 2030 6.76 1.38 204
Haugh unit HU72 733 1990 7341 9.60 13.1
Egg quality at 86 weeks of age

Egg shape index ESI86 645 1831 72.76 355 49
Eggshell colour (%) ESC86 644 1829 59.60 9.97 16.7
Eggshell strength (kg/cm?) ESS86 644 1816 320 091 283
Eggshell thickness (mm) EST86 632 1585 034 0.03 99
Eggshell ratio ESR86 628 1527 8.75 0.98 11.1
Yolk ratio YR86 638 1739 3094 248 8.0
Yolk colour YC86 636 1616 6.33 1.61 255
Haugh unit HU86 642 1760 67.98 11.95 17.6
Egg quality at 100 weeks of age

Egg shape index ESIT00 580 1674 72.80 3.82 52
Eggshell colour (%) ESC100 576 1686 57.30 9.76 17.0
Eggshell strength (kg/cm?) ESS100 581 1656 2.96 083 28.1
Eggshell thickness (mm) EST100 580 1658 030 0.04 15.0
Eggshell ratio ESR100 576 1620 8.03 1.21 15.1
Yolk ratio YR100 567 1550 30.31 269 89
Yolk colour YC100 574 1597 5.81 1.65 284
Haugh unit HU100 574 1581 65.51 13.14 20.1

The descriptive statistics were computed across all animals

NA number of animals, NO number of observations, SD standard deviation, CV coefficient of variance

measured along the laying period, ranging from — 4.1 to
— 1.5% (EDR > 0.05).

Predicted averages and estimates of heterosis for egg
production traits are in Table 9. Age at first egg, EN72,
and EN100 showed significant and favourable heterosis
(FDR <0.05). The estimate of heterosis for oviposition
period was not significant (FDR >0.05). Average clutch
length till 43, 72, and 100 weeks of age showed high and
negative heterosis (FDR <0.01). Favourable and signifi-
cant heterosis for average pause length was observed
for WY at 72 weeks of age (FDR<0.05), and for both
crossbreds at 100 weeks of age (FDR<0.01). The differ-
ence between the reciprocal crosses was not significant
for any egg production trait (FDR > 0.05).

Predicted averages and heterosis for egg quality traits
are in Table 10. All egg quality traits showed positive

heterosis, except for egg shape index, yolk ratio, yolk
colour, and Haugh unit. At the investigated time points,
significant heterosis was observed for eggshell colour
and eggshell thickness for YW (FDR<0.01) and for
eggshell colour and Haugh unit for WY (FDR<0.01).
Eggshell strength of YW showed greater heterosis
than other egg quality traits at early laying stages, 10.3,
12.6, and 11.4% at 32, 54, and 72 weeks of age, respec-
tively. The difference between reciprocal crosses was
significant for eggshell strength at 54 weeks of age
(FDR <0.05) but not for other ages or other traits.

Discussion

The objective of this study was to analyse the genetic
background and estimate heterosis and the reciprocal
cross differences for egg-laying performance for crosses
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Table 2 Estimates of variances, heritabilities, and repeatabilities for egg weight traits at different ages

Trait Univariate model Multivariate model

Phenotypic Heritability (h?) Repeatability (r) Phenotypic Heritability (h?) Repeatability

variance (a,f) variance (aﬁ) n
FEWt 19.87 0.29 047 19.94 0.28 047
EWt28 13.02 046 0.71 12.99 046 0.71
EWt32 1343 0.51 0.70 1335 049 0.69
EWt36 14.74 062 0.85 14.59 063 0.85
EWt40 15.97 0.62 0.85 15.97 0.62 0.85
EWt44 16.27 0.58 0.77 16.13 0.58 0.77
EWt48 1841 0.75 0.85 17.64 0.73 0.84
EWt52 1840 0.69 0.81 17.89 0.68 0.81
EWt56 19.49 0.64 083 19.08 061 0.83
EWt60 19.69 0.52 0.84 19.73 0.54 0.84
EWt64 2067 0.68 0.85 20.38 0.71 0.85
EW1t68 21.80 0.57 0.79 21.60 0.58 0.79
EWt72 21.91 045 0.70 21.58 041 0.69
EWt76 23.34 0.55 0.80 22.55 0.53 0.80
EW1t86 2817 0.56 0.74 27.72 049 0.74
EWt100 30.01 0.41 0.74 29.31 046 0.74

With the univariate model, standard errors ranged from 0.05 to 0.11 for heritabilities, and from 0.01 to 0.02 for repeatabilities. With the multivariate model, standard
errors ranged from 0.05 to 0.11 for heritabilities, and from 0.01 to 0.02 for repeatabilities

FEWt average weight for the first three eggs, EWtX egg weight at X weeks of age

between an indigenous chicken breed and a commer-
cial layer breed throughout the laying period. It should
be noted that the model that we used for analysis of
crossbred performance is an alternative parameteri-
zation of the so-called Dickerson model that has been
used previously in several other studies [29, 30]. The
main difference is that heterosis and reciprocal effects
are directly estimated in the Dickerson model, while
they are obtained as differences between the estimated
effects of the different genetic groups in our model. The
equivalence between these two models is that the direct
heterosis estimated by the Dickerson model is the same
as the average heterosis (crossbred mean minus paren-
tal mean) in our model, and the reciprocal cross differ-
ences estimated by the Dickerson model is the same
as the difference between the estimates of the cross-
bred means in our model (Additional file 3: Tables S4,
S5, and S6). Conversely, our model directly estimates
the average effects of the different genetic groups (as
reported in Tables 8, 9, 10), while these can be obtained
as a function of the estimated breed, heterosis and
reciprocal effects in the Dickerson model.

Genetic parameters

To relax the assumption of equal additive genetic vari-
ance for each of the genetic groups, we also calculated
the genetic parameters with a multivariate model that

allowed different genetic and residual variances for YY,
WW, and crossbreds. Differences between estimates
from the univariate and the multivariate model ranged
from — 0.07 to 0.23 for heritabilities and from -0.03 to
0.03 for repeatabilities (see Additional file 4: Tables S7,
S8, and S9). The difference in estimates of repeatability
between the models was not significant (p-value=0.16,
as evaluated with the paired t-test). Although the dif-
ferences in estimates of heritability between the mod-
els were significant (p-value=0.006), the estimates were
generally similar (see Additional file 5: Fig. S2, the corre-
lation between the estimates of heritability from the two
models was 0.914), with the average absolute difference
being 0.037. For some traits, e.g., average clutch length
at different timepoints, the estimated heritabilities were
substantially different between the models. The high
standard error of the estimate of heritability for average
clutch length from the multivariate model (0.12-0.14)
could be a possible explanation. In addition to estimat-
ing the weighted heritability and repeatability across all
genetic groups, we also estimated the genetic parameters
for YY, WW, and crossbreds, respectively (Additional
file 6: Table S10, S11, and S12). Across all traits, WW
tended to have lower heritabilities than YY and the cross-
breds. This trend was most pronounced for egg weights,
but was also generally the case for egg production and
egg quality traits.
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Table 4 Estimates of variances and heritabilities for egg

production traits

Trait Univariate model Multivariate model
Phenotypic  Heritability Phenotypic  Heritability
variance (62) (h?) variance (62) ()

AFE 81.18 0.55 82.78 0.62

OpP 0.78 0.38 0.82 047

EN43 173.21 0.15 17154 0.16

NC43 45.54 0.49 44.88 0.46

ACL43 25.88 0.05 23.76 0.29

APL43 0.19 0.01 0.19 0.04

EN72 1184.40 0.14 1152.90 0.10

NC72 23793 0.40 24091 041

ACL72 740 0.08 6.92 0.28

APL72 238 0.01 239 0.01

EN100 430940 0.15 418830 0.12

NC100 667.33 0.27 67545 035

ACL100 262 0.1 249 0.30

APL100 521 0.13 512 0.18

Standard errors for heritabilities ranged from 0.02 to 0.09 for the univariate
model, and from 0.02 to 0.14 for the multivariate model

AFE age at first egg, OP oviposition period, ENX cumulative egg number till X
weeks of age, NCX number of clutches till X weeks of age, ACLX average clutch
length till X weeks of age, APLX average pause length till X weeks of age

Egg weight

Overall, we obtained relatively high heritability estimates
for egg weight, especially for egg weight at 48 weeks of
age, which resulted from a high genetic variance and a
low permanent environmental variance compared to
other time points (Additional file 7: Table S13). These
estimated heritabilities agreed with estimates from sev-
eral other studies [31-33]. We obtained high repeatabili-
ties for egg weight, suggesting that the variability in egg
weights across weeks was relatively low. Furthermore, in
accordance with previous studies [7, 34], strong genetic
correlations were found for egg weights between time
points, suggesting that the genetic determinants of egg
weights are quite stable across ages. The exception of a
relatively low genetic correlation estimate between the
first egg weight and egg weight at later stages suggests a
separate genetic background for weight of the first egg.
This could be because the first eggs were collected at
different ages across birds, which introduces other, age-
related factors.

Egg production

The estimated heritabilities for EN43, EN72, and EN100
in the current study were low, similar to estimates in
dual purpose chickens [32] and Rhode Island Red chick-
ens [6], but lower than estimates for crossbred chickens
(0.42 [35]). Another study has reported that crossbreds

Page 10 of 18

generally show a higher heritability than purebreds [31].
A stronger genetic correlation of oviposition period with
EN72 (- 0.40) than with EN43 (= 0.36) and with EN100
(= 0.29) suggests that the oviposition period has a larger
impact on egg number in the middle stage. This finding is
similar to the results reported by Becot et al. [22], which
confirmed that oviposition period showed a stronger
genetic connection with laying rate at 44—64 weeks of age
than that at 24—43 weeks of age.

Egg quality

All egg quality traits at the five evaluated time points
showed low to moderate heritabilities in the current
study. The estimated heritability decreased with age for
eggshell strength, eggshell thickness, and eggshell ratio,
which could be due to an increase of the residual variance
(see Additional file 7: Table S14). A decrease in heritabili-
ties with age for eggshell strength was also observed by Li
et al. [36].

Heterosis for egg-laying performance

In addition to genetic parameters, we also estimated het-
erosis and reciprocal cross differences with the multivari-
ate model. The difference between the univariate model
and the multivariate model ranged from — 1.04 to 1.24
in percentage points for heterosis of WY, from — 0.81
to 1.72 for heterosis of YW, and from — 1.58 to 1.52 for
reciprocal cross differences (see Additional file 4: Tables
S7, S8, and S9). On average across traits, the difference
in estimates between models were not significantly dif-
ferent from zero for heterosis of WY, heterosis of YW,
and the reciprocal cross differences (p-value=0.65,
p-value=0.68, and p-value=0.99, respectively based on
a paired t-test). These additional results show that the
assumption of equal genetic variance for all the genetic
groups, as made in the univariate model, hardly affected
estimates of heterosis for the traits evaluated here.

Egg weight

In the current study, positive heterosis was observed for
egg weight and estimates were consistent with another
study [19] that reported heterosis ranging from — 0.3
to 3.2% for crosses of different combinations of breeds.
Based on a summary of studies conducted before 1990,
it was concluded that heterosis for egg weight in differ-
ent crosses ranged from — 3.0 to 5.0% [20]. Our estimates
ranged from 1.0 to 9.0% at different time points, which
agreed well with those previously reported estimates.
Taken together, this suggests that egg weight has low to
moderate heterosis, regardless of the parental line and
age. It is widely accepted that heterosis is due to non-
additive gene action [1]. Amuzu-Aweh et al. reported that



Page 11 0f 18

(2023) 55:87

Ni et al. Genetics Selection Evolution

2619AU0D Jou pIp NG ‘D68 Jo SyPam
X 1113 Y1bua| asned abeisane x4y ‘96e Jo syaam X |13 Yibus| yoinjd abelane 7Dy ‘9be Jo syaam X |13 S9YIIN|D Jo Jaquinu XD ‘6. Jo syaam X |13 Jaquinu 663 aane|nwind XN ‘porad uoisodino 4o ‘669 1siy 1e abe 34y

suo13e|2.1400 d1dA3ouayd 40j §0°0 03 L0 WOI PUR ‘SUOIR[S110D D133USB 104 94" 03 Z0'0 WOy pabuel s10419 piepuels ‘|euobelp 9y} Mojaq aJe suolje|a.110d didAjouayd pue [euobeip aY3 SA0Ge 1. SUOIR|S1I0D DIIDUSD

ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd 00114V

ONd 60— L0 ONd /80 /90— S0 ONd 790 50— LEO 6€0— 100 001710V
ONd 950 - 610 ONd evo— 80 100 — ONd 6C0— S50 00— 0 800 — 001DN
ONd 0¢0o S00— ONd 670 0C0— /80 ONd L0 €0~ S50 80— 800 — 00LN3
ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ¢LdvY
ONd 660 €80~ LS0 ONd 680 — €50 ONd 180 850 — 170 LE0— 00 LDV
ONd €80~ 160 70— ONd €90~ SC0— ONd 050 — 8/0 8C0~— LS50 €ro— C/ON
ONd 890 €e0— 060 ONd €90 50— ONd L¥0 S0 — 00 0€0— L0~ C/N3
ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ONd ev1dy
ONd 660 (90— 690 ONd 860 80— €L0 ONd 80— 70 8¢'0— S00 VOV
ONd 080 — €80 wo— ONd 880 — 860 050 — ONd 190 — oro— L0 9C0 - EVON
ONd S€0 80— 8L0 ONd 8L0 0~ 970 ONd 6C0 €C0— 9€0— [VO— EYN3
ONd 650~ 120 6C0— ONd 90— /80 00— ONd 690 — /80 9¢0— 1000 — dO
ONd Lo 1€0— 20 ONd 8C0 &0 — 100 ONd 6C0 LS50~ 0£0— 9C0 - 34V
00L1dY  00LTDV 00LDN 00LN3 <L1dY LDV CLON CLN3 €v1dV €YDV €VON E€VN3 do EEL Heqp

syesy uononpolid 663 1oy suoneuod didAlousyd pue diausb Jo se1ewns] § dqeL



Ni et al. Genetics Selection Evolution (2023) 55:87

Page 12 0f 18

Table 6 Estimates of variances, heritabilities, and repeatabilities for egg quality traits at different ages

Model Trait 32 weeks of age 54 weeks of age 72 weeks of age 86 weeks of age 100 weeks of age
o2 nor g2 Wor g2 Por g2 nWor o2 hr

Univariate model ESI 742 032 041 801 019 043 11.06 018 042 1292 029 050 1520 027 047

ESC 4294 037 065 34.00 032 058 3621 039 060 3046 024 068 2823 0.19 068

ESS 038 026 051 048 018 048 059 0.14 048 0.80 022 048 0.70 0.12 049

EST 7.23E-04 025 047 698E-04 020 039 958E-04 0.03 040 1.06E-030.18 0.36 1.91E-030.03 0.18

ESR 047 033 056 059 027 050 110 007 032 0.93 019 039 148 0.08 022

YR 4.09 029 051 367 046 074 472 021 056 4.95 017 0.66 6.29 022 058

YC 1.66 0.12 047 068 022 047 169 0.18 041 2.56 0.18 0.62 2.76 0.19 062

HU 9122 0.16 018 47.12 029 057 9135 020 042 14230 027 040 17429 023 053

Multivariate model  ESI 7.53 027 042 849 024 047 1097 014 042 1283 026 050 1521 024 048

ESC 4386 044 065 3598 042 060 3635 041 060 31.01 024 070 3022 026 0.71

ESS 0.39 026 051 048 017 047 060 0.17 048 0.80 019 048 0.70 0.13 050

EST 722E-04 025 047 7.24E-04 023 041 9.75E-04 0.13 042  1.05E-030.16 036  1.93E-030.07 0.18

ESR 047 031 056 058 027 048 1.1 0.10 032 0.94 0.18 038 149 011 023

YR 432 036 052 373 045 074 486 028 0.58 4.89 016 065 6.28 027 058

YC 1.61 0.12 044 069 018 048 177 0.18 043 258 021 062 274 020 061

HU 90.43 014 0.18 46.13 034 056 90.16 022 041 139.69 026 039 17170 023 051

With the univariate model, standard errors ranged from 0.04 to 0.09 for heritabilities, and from 0.02 to 0.03 for repeatabilities. With the multivariate model, standard
errors ranged from 0.03 to 0.11 for heritabilities, and from 0.01 to 0.03 for repeatabilities

ESI egg shape index, ESC eggshell colour, ESS eggshell strength, EST eggshell thickness, ESR eggshell ratio, YR yolk ratio, YC yolk colour, HU Haugh unit, o‘f phenotypic
variance, h? heritability estimate with standard errors in parentheses, r repeatability estimate with standard errors in parentheses

the dominance variance could explain up to 3% of the
phenotypic variance for egg weight [37]. The observed
increase in heterosis with age in our study suggests that
the non-additive effects may play a more important role
at later laying stages.

Egg production

Egg number is an important economic trait for laying
hens. In contrast to low and moderate heterosis for egg
weights, estimates of heterosis for egg production have
been highly variable in the literature, ranging from -3 to
40%, both in crosses between elite lines and in crosses
between indigenous and elite lines [20]. We found low
to moderate heterosis for crosses between the White
Leghorn and Beijing-You, which both have a history
of within-line selection. Some studies have shown that
selection towards improved combining ability may have
led to the accumulation of alleles that show heterosis and
thus may exploit non-additive gene effects better than
within-line selection [38, 39]. Differences in selection his-
tories of the parental lines could be one of the reasons for
differences in heterosis among studies.

We also found that the heterosis for cumulative egg
number differed slightly across ages, i.e., 1.4 and 2.5% at
43 weeks of age for YW and WY, respectively, 2.7 and
5.1% at 72 weeks of age for YW and WY, respectively,

and 8.5 and 11.6% at 100 weeks of age for YW and WY,
respectively. The cumulative egg number was gener-
ated by summing up egg number over a period. Hetero-
sis for egg number over four weeks showed fluctuations
before 28 weeks of age (Additional file 8: Fig. S3), likely
because of differences in age at first egg between birds,
then decreased to nearly zero at the laying peak between
28 and 44 weeks of age, and increased thereafter. This
trend was also shown by Ledur et al. in White Leghorn
[40] and by Minvielle et al. in Japanese quails [41]. This
trend is also consistent with the trend observed for het-
erosis for cumulative egg number, which showed fluctua-
tions before 28 weeks of age, then a decrease between 28
and 44 weeks of age, and an increase thereafter (Addi-
tional file 8: Fig. S4). In addition, the crossbred chickens
produced more eggs per week than the best parental line,
WW, from 72 till 100 weeks of age, which implies that
the crossbreds had better egg-laying persistency than the
purebreds for the extended production period. A similar
observation was reported in quails for cumulative egg
number till 92 weeks of age [41].

Heterosis for egg number at each period was observed
at the beginning and at the late egg-laying stage, but not
at the laying peak. Egg number is a complex trait that is
influenced by several components, including age at first
egg, oviposition period, number of clutches, and aver-
age clutch (pause) length. Heterosis for egg number at
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Table 7 Estimates of genetic and phenotypic correlations for egg quality traits at different ages
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Trait ESI ESC ESS EST ESR YR YC HU
ESI32 0.01 —-0.04 0.02 0.08 0.03 -0.10 0.08
ESC32 0.02 -020 -040 -037 0.22 0.03 —0.51
ESS32 0.05 -0.14 0.67 0.76 -0.01 0.28 -0.10
EST32 -002 -0.31 043 0.83 -0.10 0.34 -0.24
ESR32 0.03 -0.19 054 0.64 0.11 0.32 -0.18
YR32 0.02 0.11 0.02 —-0.09 0.12 0.13 -033
YC32 -0.02 0.03 0.01 -0.02 0.03 0.06 -0.04
HU32 0.16 0.05 0.01 —-0.06 —-0.09 -0.17 -0.07

ESI54 0.00 0.00 0.05 =011 0.22 —0.31 0.13
ESC54 0.01 -0.30 -030 -025 -001 =013 -0.11
ESS54 0.09 =01 0.70 0.70 0.09 0.23 0.28
EST54 0.10 -0.09 049 0.89 -0.02 0.03 0.10
ESR54 0.09 -0.16 0.51 0.71 0.05 0.07 -0.11
YR54 0.07 0.05 -0.02 -0.05 -0.01 —-0.06 -0.20
YC54 —-0.06 0.00 -001 —0.05 -0.03 0.07 -0.15
HU54 -0.01 -0.09 0.01 -0.09 -0.07 -022 -0.03

ESI72 -025 -0.02 -0.30 0.04 0.22 -036 048
ESC72 —0.04 -024 - 046 -033 -0.29 0.39 -0.07
ESS72 0.03 -0.15 043 0.58 0.38 -032 0.05
EST72 0.04 -0 046 0.81 0.06 0.19 -046
ESR72 0.03 -0.16 0.39 0.57 0.16 -0.04 -034
YR72 0.07 -0.02 0.01 -0.07 0.07 0.13 0.18
YC72 —-0.03 0.03 0.02 -001 -0.03 0.09 -033
HU72 0.05 —-0.06 0.04 -0.04 0.00 -0.09 -0.13

ESIB6 0.14 -033 -037 —063 0.09 -034 0.12
ESC86 0.05 -0.09 -0.05 0.02 0.02 -0.07 -028
ESS86 -0.04 -0.15 0.44 045 0.24 041 0.59
EST86 -0.03 -0.14 048 DNC 0.01 0.16 —-0.08
ESR86 -0.04 -0.10 0.46 DNC 0.07 0.18 -0.11
YR86 -0.02 —-0.03 -0.07 -0.18 0.01 0.03 -0.12
YC86 -0.10 -0.04 —-0.05 -0.08 -0.05 0.16 0.21
HU86 0.05 —0.04 0.08 —-0.06 0.03 —-0.04 0.05

ESIT00 -0.22 —-0.56 -0.89 -083 0.20 —-0.08 0.24
ESC100 -0.01 -0.20 -012 -0.09 -022 0.04 0.16
ESS100 —-0.03 -0.11 0.85 0.98 034 -0.10 0.05
EST100 —-0.01 =012 043 DNC 0.93 0.31 DNC
ESR100 0.02 —-0.06 043 DNC 0.27 0.22 -0.28
YR100 0.03 0.00 —0.04 -0.10 -0.05 0.17 -0.28
YC100 —-0.08 0.07 0.01 -0.02 -0.01 0.14 -0.02
HU100 0.04 -0.05 0.04 DNC 0.01 -0.12 -0.01

Genetic correlations are above the diagonal and phenotypic correlations are below the diagonal. Standard errors ranged from 0.04 to 0.64 for genetic correlations,

and from 0.01 to 0.04 for phenotypic correlations

ESIX egg shape index at X weeks of age, ESCX eggshell colour at X weeks of age, ESSX eggshell strength at X weeks of age, ESTX eggshell thickness at X weeks of age,
ESRX eggshell ratio at X weeks of age, YRX yolk ratio at X weeks of age, YCX yolk colour at X weeks of age, HUX Haugh unit at X weeks of age, DNC did not converge

the beginning of egg laying could be partly explained by
significant and favourable heterosis for age at first egg.

Heterosis for egg number at the late laying stage can be

explained by the high and favourable heterosis for aver-
age pause length.
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Table 8 Predicted egg weight for the four genetic groups and estimates of heterosis for the two reciprocal crosses

Trait Genetic group H% (WY) H% (YW) Reciprocal cross
differences (%)
ww YY wy YW
FEWt 44.97 40.55 43.20 44.95 1.0 5.1%* —-4.1
EWt28 55.63 4552 5153 52.85 1.9%% 4.5%% -26
EWt32 57.01 48.06 53.84 54.61 2.5%* 4.0%* -15
EWt36 58.25 49.33 54.96 56.15 2.2%* 4.4%% -22
EWt40 59.34 50.52 56.39 5742 2.7%* 4.5%% -19
EWt44 59.80 5147 56.98 58.26 24** 4.7%% -23
EWt48 60.74 52.87 58.35 59.75 2.7%% 5.2%* -25
EWt52 60.39 53.21 5837 60.04 2.8%* 5.7%* -29
EWt56 60.81 54.58 59.30 61.26 2.8%* 6.2%% -34
EWt60 6241 5590 60.90 62.55 3.0 5.7%* -28
EWt64 62.23 56.26 61.18 62.81 3.3** 6.0%* -28
EWt68 62.01 56.34 61.42 62.98 3.8 6.4%* -26
EWt72 61.24 5592 60.95 62.52 4.0%* 6.7** -27
EWt76 62.17 56.73 62.33 63.41 4.8%% 6.7%* -18
EWt86 60.87 56.93 62.25 63.17 5.7%* 7.2%* -16
EWt100 61.85 57.82 62.80 65.20 4.9%* 9.0%* -40

H% (WY): percent heterosis for WY, the percentage of performance of WY being better than the average performance of the two parental lines, H% (YW): percent
heterosis for YW, the percentage of performance of YW being better than the average performance of the two parental lines

Wald F statistics after adjusting with multiple testing for H% (WY), H% (YW), and reciprocal cross differences are indicated as follows *FDR <0.05, **FDR <0.01

YY Beijing-You chickens, WW White Leghorn chickens, WY offspring of a cross between White Leghorn as the sire line and Beijing-You as the dam line, YW offspring of
a cross between Beijing-You as the sire line and White Leghorn as the dam line, FEWt weight for the first three eggs, EWtX egg weight at X weeks of age

Table 9 Predicted egg production related traits for the four genetic groups and estimates of heterosis for the two reciprocal crosses

Trait Genetic group H% (WY) H% (YW) Reciprocal cross
differences (%)
ww YY wy YW
AFE 157.69 180.70 165.80 167.02 —2.0** - 1.3 -07
OP 2431 26.21 2511 25.29 -06 0.1 -0.7
EN43 129.03 92.06 113.29 112.14 2.5% 14 1.0
NC43 11.76 23.62 18.16 18.67 2.7 56 -29
ACL43 14.16 3.95 6.79 6.45 —25.0% —28.8% 3.8
APL43 1.30 1.26 1.24 122 -31 -49 1.7
EN72 280.65 201.23 253.34 247.39 5.1%% 2.7% 2.5
NC72 33.18 70.86 53.06 51.31 20 -14 34
ACL72 9.72 2.89 4.98 490 —21.1% —22.2%% 1.1
APL72 1.59 1.88 147 152 —153% —-126 -2.7
EN100 37991 270.33 362.67 352.77 11.6%* 8.5%* 3.0
NC100 59.83 110.21 94.83 90.23 11.5%* 6.1% 54
ACL100 6.75 2.50 3.97 3.93 —14.2% —15.1%* 0.9
APL100 2.57 241 1.88 1.93 — 246" —22.3% -23

H% (WY): percent heterosis for WY, the percentage of performance of WY being better than the average performance of the two parental lines, H% (YW): percent
heterosis for YW, the percentage of performance of YW being better than the average performance of the two parental lines

Wald F statistics after adjusting with multiple testing for H% (WY), H% (YW), and reciprocal cross differences are indicated as follows *FDR <0.05, **FDR <0.01

YY Beijing-You chickens, WW White Leghorn chickens, WY offspring of a cross between White Leghorn as the sire line and Beijing-You as the dam line, YW offspring of
a cross between Beijing-You as the sire line and White Leghorn as the dam line, AFE age at first egg, OP oviposition period, ENX cumulative egg number till X weeks of
age, NCX number of clutches till X weeks of age, ACLX average clutch length till X weeks of age, APLX average pause length till X weeks of age
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Table 10 Predicted egg quality traits for the four genetic groups and estimates of heterosis for the two reciprocal crosses

Trait Genetic group H% (WY) H% (YW) Reciprocal cross
differences (%)
ww YY wy YW

ESI32 75.09 78.02 76.04 76.21 -0.7% -04 -02
ESC32 79.25 46.68 68.11 66.49 8.2%* 5.6%* 26
ESS32 329 395 3.80 4.00 4.8%* 10.3%* -55
EST32 033 033 0.34 034 0.8 2.7%% -19
ESR32 9.63 10.07 9.97 10.10 1.2 2.5%* -13
YR32 26.56 30.64 29.16 29.22 1.9%* 2.2%* -02
YC32 5.68 6.06 6.14 578 4.6%* -15 6.1
HU32 69.48 66.66 66.24 65.79 —2.7* —33% 0.6
ESI54 7336 74.28 7342 7336 -05 -06 0.1
ESC54 78.68 49.06 68.89 66.38 7.9%* 3.9** 39
ESS54 3.08 3.75 344 384 0.9 12.6%* -11.7*
EST54 033 033 033 0.35 0.6 4.7%% —4.1
ESR54 9.00 9.36 9.22 9.45 0.5 2.9%* -24
YR54 2821 32.24 30.65 30.81 1.4% 1.9%% -05
YC54 4.30 507 4.77 4.66 1.9 -04 23
HU54 78.60 74.86 73.68 74.56 —4.0%* —2.8%* -12
ESI72 72.79 73.60 73.18 7313 -001 -0.1 0.1
ESC72 7367 4533 63.55 62.84 6.8** 5.6%* 1.2
ESS72 292 363 339 3.65 36 11.4%* -78
EST72 0.31 0.31 0.32 033 4.1% 6.6* -24
ESR72 8.80 9.06 9.16 9.28 2.6%* 3.9%* -13
YR72 2861 3270 30.64 30.88 —-0.04 0.7 -038
YC72 6.31 7.29 6.72 6.76 -12 -06 -06
HU72 76.25 73.76 70.78 72.90 —56% -28 -28
ESI86 7223 7262 72.72 72.89 04 06 -02
ESC86 69.28 44.75 6242 60.98 9.5%* 7.0%* 2.5
ESS86 278 347 3.19 332 2.2 6.3% -4
EST86 033 033 034 0.35 3.3** 5.9%* -26
ESR86 8.50 8.74 8.81 893 2.2% 3.6%* -14
YR86 29.07 3264 30.76 31.21 -03 1.1 -14
YC86 597 6.95 6.13 6.34 -51 -18 -33
HU86 7053 69.49 63.91 66.51 —87* —5.0% -37
ESIT00 7267 7333 72.74 7240 -04 -08 0.5
ESC100 66.24 4133 5895 5737 9.6%* 6.7%* 29
ESS100 2.71 3.05 297 291 30 1.1 20
EST100 0.30 0.29 0.29 0.30 0.2 4.2%% -40
ESR100 7.89 8.04 8.12 8.04 1.9 1.0 1.0
YR100 2857 32.05 30.80 30.99 1.6 2.2% -06
YC100 517 6.41 5.84 6.15 0.7 6.1 -54
HU100 68.16 67.66 61.25 64.49 —9.8%* —5.0% -48

H% (WY): percent heterosis for WY, the percentage of performance of WY being better than the average performance of the two parental lines, H% (YW): percent
heterosis for YW, the percentage of performance of YW being better than the average performance of the two parental lines

Wald F statistics after adjusting with multiple testing for H% (WY), H% (YW), and reciprocal cross differences was indicated as follows *FDR <0.05, **FDR <0.01

YY Beijing-You chickens, WW White Leghorn chickens, WY offspring of a cross between White Leghorn as the sire line and Beijing-You as the dam line, YW offspring of
a cross between Beijing-You as the sire line and White Leghorn as the dam line, ESIX egg shape index at X weeks of age, ESCX eggshell colour at X weeks of age, ESSX

eggshell strength at X weeks of age, ESTX eggshell thickness at X weeks of age, ESRX eggshell ratio at X weeks of age, YRX yolk ratio at X weeks of age, YCX yolk colour
at X weeks of age, HUX Haugh unit at X weeks of age
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Egg quality

We reported heterosis for traits reflecting egg shape,
eggshell, albumen, and yolk qualities. Eggs from both
crossbreds showed substantial heterosis for eggshell col-
our, suggesting that the crossbreds have a lighter brown
eggshell colour than the parental mean. This is favourable
for some markets where eggs with a light brown colour
are more popular than those with a dark brown colour,
which is the case in China [2]. For eggshell strength, the
YW line showed positive and considerable heterosis at
the first four time points, indicating that eggshell of the
crossbreds is stronger than the parental mean. The cross-
breds showed unfavourable heterosis for Haugh unit
in our study, which is consistent with the findings of an
earlier study [17]. Haugh unit is positively related with
height of the thick albumen and negatively related with
egg weight [42]. In the current study, the significant but
negative heterosis for Haugh unit may be explained by
the significant and positive heterosis for egg weight. For
WY, another possible explanation for the negative het-
erosis for Haugh unit is the significant negative heterosis
for albumen height (Additional file 9: Table S15).

Differences between reciprocal crosses

After adjusting for multiple testing, the reciprocal cross
differences were significant only for eggshell strength at
54 weeks of age. However, we found that the degree of
heterosis was quite different between reciprocal crosses.
Egg weight heterosis ranged from 1.0 to 5.7% for WY and
from 4.0 to 9.0% for YW; heterosis for eggshell strength
at the early laying stage ranged from 0.9 to 4.8% for WY
and from 10.3 to 12.6% for YW. These findings are similar
to previously reported results [18, 19]. Sex-linked effects
are thought to be one of the factors that affect recipro-
cal cross differences [43]. Sutherland et al. reported dif-
ferences between reciprocal crosses for abdominal fat in
chickens, and suggested that Z-linked genes may under-
lie this difference [44]. Other evidence suggested that the
effect of genes on the W chromosome depends on the
line from which the W chromosome is inherited, which
thereby could make a contribution to reciprocal cross
differences [45]. In our dataset, WY received the Z chro-
mosome from their WW sire and the W chromosome
from their YY dam, while YW received the Z chromo-
some from their YY sire and the W chromosome from
their WW dam. Thus, any effects of sex-linked genes that
depend on the breed they originated from are completely
confounded with breed effects, and whether Z-linked or
W-linked genes are responsible for the reciprocal cross
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differences cannot be determined. Other plausible expla-
nations for the reciprocal effects in some traits include
parent-of-origin specific quantitative trait loci [46] and
different breed origin of the mitochondrial DNA [47].
Taken together, all these observations suggest that the
decision on which breed to use as the sire line has an
impact on the degree of heterosis.

Heterosis and heritability

Heterosis is expected to be the result from non-additive
effects [1]. Narrow sense heritability is defined as the
proportion of variability that can be attributed to inher-
ited genetic factors [48]. It has been suggested that a rela-
tionship exists between heterosis and heritability, in that
lowly-heritable traits benefit the most from outbreeding,
which results in the largest amount of heterosis [9, 10].
However, there is relatively limited empirical evidence to
support this premise. To investigate this, we calculated
the Spearman correlation coefficient between estimates
of heterosis and heritability for the traits included in our
study. The results suggested that the degree of heterosis
expressed across the traits was indeed negatively corre-
lated with the heritability (see Additional file 10: Fig. S5),
which is in agreement with the previous statements. This
observed negative correlation was, however, only signifi-
cantly different from zero for the egg production traits. It
should be noted that the observed relationship between
heterosis and heritabilities may be biased due to the high
correlations between traits included (i.e., egg weights at
different time points). Nevertheless, our traits covered a
broad range of heritabilities (from 0.01 to 0.75), and the
estimate of the regression coefficient suggests that with
a 0.1 increase in heritability, the expected heterosis could
decrease by 0.6% across all investigated traits, and by
3.0% for cumulative egg number and related components
traits.

Conclusions

Heterosis for egg weight and cumulative egg number
is substantial and increased with age in crossbreds of
Beijing-You and White Leghorn chickens. Crossbreds
have better egg production persistency than the supe-
rior White Leghorn parent. The degree of heterosis dif-
fered significantly between the reciprocal crosses. These
findings can contribute to establishing effective poultry
breeding schemes that use indigenous and elite lines for
niche markets.
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